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FOREWORD

This report summarizes the results of research performed by the Naval Weapons
Center, China Lake, CA. The work was conducted between July 1972 and December 1974,
and Dr. E. A Lundstrom and Mr. W. K. Fung were the Project Engineers.

The work was sponsored by JTCG/AS and Naval Air Systems Command Air Tasks
A303-510A/216C/OW436-0000 and A330-330E/216B/1F32432-308, as part of a 3-year
TEAS (Test and Evaluation Aircraft Survivability) program. The TEAS program was funded
by DDR&E/ODDT&E. The effort was conducted under the direction of the JTCG/AS
Technology R&D Subgroup as part of TEAS element 5.1.1.11, Hydraulic Ram Program.
Current effort in this area suppgrted by JTCG/AS includes Hydraulic Rath Fluid-Structure
Interaction study and Hydraulic Ram Damage Prediction analysis.
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INTRODUCTION

During penetration of an incornpressible fluid, bullets and other high speed projectiles
generate intense pressure waves. Response of the fuel cell walls to these pressure waves can
be catastrophic failure. This phenomenon, termed hydraulic ram, is of particular importance
to the survivability of U.S. military aircraft. A simple model of the fluid mechanics! of
hydraulic ram was developed and can be used to calculate fluid pressure due to a penetrating
projectile.

To adequately model the pressure waves, the tumbling behavior of bullets must be
specified along their trajectory. The model predicts that pressure waves generated by a
bullet in a fully tumbled attitude will be approximately five times more intense than those
generated by the same bullet in its normal, O-degree yaw attitude.

Tumbling behavior is also of importance in calculating the bullets residual velocity
after exiting the fuel cell. However, the tumbling is largely random in nature since it is
initiated by small perturbations of the bullet attitude at impact.

The model was ¢ompared with an actual measurement of pressure gencrated by tum-
bling API (armor-piercing incendiary) rounds. Agre.ment between theory and experiment
was reasonable, but it was recommended by NWC (Naval Weapons Center) that further
gunfire tests be performed under rigid conditions to enhance confidence in the model
predictions and to provide sufficient data to diagnose bullet tumbling distances.

TEST SETUP

Fifty-three rounds* of ammunition were fired into a water-filled test cell .nstrumented
with five Kistler 601 A pressure transducers. Ammunition used in these shots were .30 cali-
ber AP (armor piercing), .50 caliber APl, and 12.7 and 14.5 mm API. The rounds were fired
at a 0-, 30-, or 45-degree obliquity angle and impacted on entrance panels of different
materials and thicknesses. High speed motion pictures were taken of 23 of these shots.

The test cell was a 5-foot cube (Figure 1a) constructed of 1/8-inch-thick steel plates
with angle iron reinforcements at the edges. A 1/2-inch steel plate at the rear wall prevented
projectile exit of the cell. Entrance panels were 2 ft2 and were held in place by compression
between two rubber gaskets around the edges. Two l-inch-thick plexiglass windows were
placed on opposite sides of the cell to allow for high speed photography. The windows
provided a 30-inch-high and 36-inch-long field-of-view. One window was sandblasted and,
thus, acted as a diffusing screen for back-lighted photography.

INaval Weapons Center, Fluid Dynamic Analysis of Hydraulic Ram by E. A, Lundstrom. China Lake, CA, NWC,
July 1971, (NWC TP 5227, publication UNCLASSIFIED.)

*One .30-caliber AP round (shot 4HR1) was nat recorded due to transducer difficulties.
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The pressure transducers were mounted onto one end of fiv: 1/2-inch-diameter pipes
extending beyond the open end of the cell. The other pipe enus, in turn, were mounted
onto a separat~ frame isolated from shock and vibration in the test cell. The transducers
were placed 6 inches above the expected trajectory at 6-inch ijtervals. Coordinates of the
transducers with respect to the test cell are presented in Figure 1b.

The pressure transducer signals were recorded analog on magnstic tape and were digi-
tized at 80 points/msec and calibrated. Digitizing rate was consistent with the 20-kHz re-
sponse of the magnetic tape recorder.

Bullet velocity and impact point coordinates were measured. The coordinates of a
second point on the trajectory were obtained from the buliet hole location in a thia. flexible
plastic sheet installed behind the last transducer station (Figure 1a).

THEORETICAL CONSIDERATIONS

To accurately predict hydraulic ram pressure due to ballistic projectiles, the theory (see
Footnote 1) requires delineation of trajectory and rate of kinetic'energy loss.

The decay of bullet velocity along the trajectory can be expressed as:

dv. _
s =V 1)

where
Xp = bullet position
V = buliet velocity

and the velocity decay coefficient is given by

f=== pCDA @

where
m = bullet mass
A = presented area
Cp = drag coefficient
p = fluid density
The rate at which the bullet kinetic energy, E, is lost is given by

dE _ 2
daXg - eV 3)

For tumbling bullets, 8 is a function of Xp.

aal: ‘Qx L el e
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In a previous report (NWC TP 5227), a simple tnodel of the tumbling behavior was
presented. The bullet is presumed to enter the test cell with O degree yaw and continue in
this attitude with a constant drag coefficient until it reaches a distance, X|, along its
trajectory where it begins to tumble. The bullet becomes fully tumbled at a distance, X3,
and continues in this attitude with a constant drag coefficient.

i e e e

For this simple tumbling model, the variation of g ulong the trajectory is shown in d
Figure 2. The coefficients 8] and P2 are assoclated with the 0- and 80-degree yaw and
aumbled attitudes, respectively. Variation ol 8 during bullet tumble is described by the
relation

Xp-X1 |0
B(Xp) = B1 + (B2- B1) [‘%‘%“’s [Yg-xll]} @

A value of the exponent n = 3 is used.

Evidence from high speed motion pictures of bullet penctration showed the simple
tumbling model was incomplete. A bullet impacting the cell with 0 degree yaw continues to
tumble along its trajectory for a number of cycles before assuming a stable attitude. To
account for this, the model for the variation of § was extended to allow for continuous
tumbling of the bullet, as shown by the broken line in Figure 2. The value 83 is associated
with the drag coefficient of the bullet when it is in the stern-first attitude. For simplicity, it
- was assumed that the tumbling pioceeds at a constant rate along the trajectory; that is

; X2-X1=X3-X2=X4-X3=

Equation 4 is used for the functional form of f(Xp) with the substitution of 83 for ) when
appropriate. The effect of the continuous tunibling model on the pressure traces is to
sharply decrease the fall time. Substituting the continuous tumbling model for the simple
tumbling model improved the agreement with the experimental pressure records.

ugn il S e :r;;.dzuu:g-n.;;‘ P TR ;mﬁmwzm.m W cotani s

X F:
2 b
«a FOOTNOTE 1 ;
Q N k
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| Q ~ X3 -
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Figure 2. Variation of the Velocity Decay Coefficient. J
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During several of the tests it was noted that the jackets were stripped from the AP core
of the APl ammunition. The kinetic energy of the jacket and incendlary was approximately
40% of the kinetic energy of the complete round. Deposition of this energy into the fluid
was evidenced by a distinct pulse on the experimental pressure records.

To account for the pressure pulse, a crude method for incorporating the jacket energy
deposition into the hydraulic ram model was developed. The projectile penetrates the fluid
in a rormal fashion for a distance, Xg, where the jacket strips, The kinetic energy of the
jacket and incendiary material is calculated at this point. The energy deposition of the AP
core is calculated in the normal manner except that values of § appropriate to the core must
be used. The energy deposition of the jacket is assumed to be exponential and is added to
that of the core. The equation for total energy deposition is

dE

aEjs o Bj(Xp - Xs)
X, i

S =mBc Ve + —L T (5)
j

where c indicates properties of the core, and Ejs is the kinetic energy of the jacket at Xs,
The parameter 8 dictates the distance the Jacket energy is deposited in the fluid. A reason-
able value can be obtained trom equation 2 using the jacket and incendiary mass (the area of
the tumbled round) and a drag coefficient of 1. The factor a in equation 5 was included to
allow for adjustment of the pulse height to agree with the experiment, A constant value of
a=1/3 was used throughout the analysis and resulted in a reasonable description of the
stripping pulse for most of the shots.

METHOD OF ANALYSIS

A computer program was written which calculates pressures according to the theory
with modifications to tue trajectory behavior described in this report. Experimental pressure
data were rcad into the program, and an rms error between experimental and theoretical
pressures was calculated. The program was used as a subroutine which calculated the rms
error as a function of tumbling distances X and X7. The subroutine was incorporated into
a computer program which calculated the particular values of the tumbling distances which,
in turn, gave the minimum value of the rms error.

The size of the test cell was sufficiently large so pressure waves reflecting from the cell
walls did not ar+'e at the transducer stations until apnroximately 1 msec after bullet
impact. To avoid .he complicating effects of wall reflections, the analysis included only the
l-msec interval. Wave reflections from the impact wall could not be ighored. Because of the
lightweight construction of the entrance panel, it was assumed that the reflected pressure
waves were reflected from a free surface. Then, the reflected pressure waves were calculated
using the method of images. The use of free surface approximation and method of images is
documented in NWC TP 5227.
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Initial drag coefficient values for bullets in the O-degree yaw attitude (Cp = 0.05) and
in the tumbled attitude (Cp = 0.30) werc obtained from a report2 by McDonnell Douglas
Corporation. The drag coefficient used for a bullet traveling in a stern-first attitude was
Cp =0.82 corresponding to a circular disk. Using these drag coefficients, the tumbling
distances were calculated by the computer program. The theoretical trajectories were com-
pared with experimental trejectories measured from high speed motion pictures of the shots.
Based on this comparison, tie .30-caliber AP drag coefficient was doubled to Cp = 0.60 for
the fully tumbled attitude. The accuracy -f the experimental trajectory measurements was
not sufficient to obtain direct verification’for the O-degree yaw drag coefficient. Therefore,
the initial part of the pressure pulse generated by the bullet in its O-degree yaw attitude in
theory and in experiment was compared.

Agreement was improved when the O-degree yaw drag coefficient was doubled to
Cp =0.10 for the .30-caliber AP and 14.5-mm API rounds. However, the O-degree yaw drag
coefficient was sensitive particularly to the bullet nose geometry, which can be distorted
considerably during impact and penetration of the target panel. Therefore, it is expected
that the O-degree yaw drag coefficient will vary with impact obLiquity and velocity as well as
with target thickness and material. The drag coefficient for the AP core was taken as
identical to that of ‘he complete round.

Parameters poverning the pressure pulse due to jacket stripping were obtained from the
detail.d analysis of several selected shots where the jacket stripping pulses were clear and
distinci, und where high speed motion pictures were obtained. The parameter §j in equa-
tion 5 was calculated initially according to equation 2 using the area of the tumb {ed round
and thc combined mass of the jackst and incendiary material. The width of the resulting
stripping pressure pulse appeared reasonable when compared to experiment. Therefore this
mcthod for estxmatmg Bj was followed in further analyses. The parameter a in equation 5
was chosen to give the correct amplitude for the stripping pressure pulse. The best value for
the selected shots was a = 1/3, which was used in further analyses.

Some pressure records obtained during the tests were not acceptable. During several of
the shots the pressure recorded by a gage appeared to “stick’ at a finite pressure even after
the fluid pressure decreased to zero. The gage became “‘unstuck’ some tens of milliseconds
later when the gage signal dropped abruptly to zero. This behavior probably was due to
loose cable connectors. Such pressure records were discarded when they were identified.

A further source of error was caused by the unnoticed trapping of large air bubbles on
the downward-facing pressure gage surface. The effect of the larger bubbles on the pressure
gage response was to decrease the rise time of the gage and to introduce ringing. The
magnitude of the effect depended on the air bubble size. The presence of large bubbles was
determined easily by examining the rise time of the pressure record. Records with a slow
rise time were not included in the analysis. However, the presence of smaller bubbles could
not be detected easily, and it is believed that error in the theoretical predictions was due to
this effect.

2McDonnell Douglas Corporation. Hydraulic Ram: A Fuel Tank Vulncrability Study by R. Yurkovich, St. Louis,
MO, MDC, September 1969 (Report No. G964, publication UNCLASSIFIED).
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The pressure wave model (see Footnote 1, page 1) assumes for simplcity that the
bullet travels in a straight line. To obtain two points on the trajectory, a thin, flexible plastic
sheet was placed 6 inches behind the last transducer station, and the coordinates of the
resulting bullet holes were measured. Initially, the pressure pulse analysis assumed that the
bullets traveled in a straight line between the impact point and the penetration point on the
plastic sheet. However, it was found that the agreement between experiment and theory was
increased if the plastic sheet coordinates were ignored, and it was assumed, instead, that the
bullet penetrated the fluid undeflected from its original straight line path. Improved agree-
ment was because the bullet impacted at O degree obliquity and did not deflect significantly
from its original path until after it had tumbled. Thus, the early portion of the pressure
pulse, which contributed the most to the rms error, was not affected by subsequent bullet
deflections. There was no observable correlation between the rms error and the measured
bullet deflection.

BALLISTIC TESTING

12.7 MM API

Thirty shots were fired at service velocity into the test cell at 0-, 30-, or 45-degree
obliquity angles, as shown in Table 1. Four rounds impacted in a tumbled attitude. Entrance
panels of the test cell were constructed from rubber used for self-sealing fuel tanks or
7075-T6 aluminum in one of three thicknesses (Table 1).

Physical parameters of the shots are given in Table 2. The drag coefficients presented
are those which gave the best overall agreement of experimental data with theory.

The tumbling distances were derived from the pressure pulses and are summarized in
Table 3.

Of the 18 shots fired into the test cell at O degree obliquity and O degree yaw, the
jacket was stripped from only one (1FER7). For shots |HRS5, 8,9, 10, and 11, verification of
tumbling distance, X2, was obtained from high speed motion pictures. The distance from
the impact point to the point on the trajectory with maximum cavity radius was measured
and the result is included in Table 3. The experimental and the derived tumbling distance,
X9, correspond for these five shots. The measured tumbling distance should be slightly less
than the derived value because of the cavity radius dependence on bullet velocity.

Experimental trajectories for these five shots are shown in Figures 3 through 7
(page 25) with the theoretical curves. Error in the experimental points is estimated to be
*1/2 inch, and no consideration was given for the bullet’s departure from a straight line. In
general, the agreement is acceptable except at long penetration distances; probably caused
by deviations from the assumed straight line path which would give a decrease in velocity.

Due to error in making the trajectory measurements, “eceleration of the bullet in its
O-degree yaw attitude could not be determined. However, because of the similarity of the
trajectories shown in Figures 3 through 7 and agreement of the detailed pressure pulse
shape, it is concluded that the trajectory model used for these shots is valid and the drag
coefficients used for the 12.7 mm API are adequate,
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Table 1. Experimental Conditions. G’v

Entrance panel ; ;

Shot Velocity, p Impact coordinates, in. Obliquity, atgg& .

ft/scc | Rubber ’?,12’ X Y deg deg ;

IHRS | 2,897 X 0 0 @

1HR6 2,762 X 0 0 ;
1HR7 2,717 X 0 0
1HR8 2,733 ces C.053 30.75 31.50 0 0
1HR9 2,725 s 0.063 30.75 31.50 0 0
1HR10 2,729 “os 0.160 30.50 30.00 0 0

1HR11 2,701 e 0.160 30.75 31.25 0 0 :

2HR1 e cen 0.063 31.50 31.00 0 Tumbled E

2HR2 2,734 “es 0,063 30.00 31.25 0 Tumbled

2HR3 2,736 cen 0.063 31.00 31.25 0 0

2HR4 2,734 cen 0.190 31.25 31.25 0 Tumbled

2HRS 2,734 . 0.190 31.25 31.00 0 Tumbled

2HR6 2,743 . 0.190 31.50 31.50 0 0 @:

2HR7 2,719 e 0.063 30.25 31.25 0 0 .?

2HRS 2,686 e 0.063 31.25 31.50 0 0

2HR9 2,749 ce 0.063 31.25 31.25 0 0 :

2HR10 2,759 ces 0.063 31.75 31.25 0 0

2HRI11 2,643 “en 0.190 30.75 32.00 0 0

2HR12 2,752 e 0.190 . . 0 0 @

2HR13 2,752 ces 0.190 31.50 31.75 0 0 ‘;

2HR14 2,752 co 0.190 31.25 32.00 0 0 )

2HRI15 2,733 o 0.190 31.25 29.25 0 0

3HR1 2,773 ... 0.063 32.00 30.50 30 0 :

3HR2 2,742 e 0.063 32.00 30.75 30 0

3HR3 2,742 ‘e 0.063 32.75 30.25 30 0 .

3HR4 2,760 cos 0.063 31.50 30.25 30 0
3HR9 2,770 RN 0.063 31.50 30.00 45 0
3HR10 2,758 R 0.063 30.50 29.50 45 0
3HR11 2,737 e 0.063 31.75 30.25 45 0

3HR12 2,754 cee 0.063 31.25 29.25 45 0 3

&

Table 2. Characteristics of the 12.7-mm API Round. "-

Bullet weight = 0.166 pounds; core weight = 0.064 pounds.

Yaw

Bulilet area, Core area, Dra ;

angle, in2 in2 coef ﬁc%ent Oy

deg 2.

0 0.2046 0.1432 0.05 1

90 1.0370 0.7002 0.30 ;

180 0.0855 0.82 o

8
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Table 3, Tumbling Distances.

Shot X1, in. X2 - X1, in. X2,in, Xg, in, X2 (experiment), in.
IHRS 7.42 8.29 151 16
1HR6 7.13 8.44 15.57 - .
1HR7 0.01 8.94 8.95 1.0 ces
1HR8 10.01 7.92 17.93 ces 17
1HR9 5.13 10.53 15.66 12
1HR10 492 11.21 16.13 15
1HRI11 493 1i.61 16.54 15
2HR3 4.82 9.88 14,70 cen
2HR6 7.08 12.22 19.30
2HR7 3.02 13.72 16.74
2HR8 8.47 9.71 18.18
2HR9 5.37 11.40 16.77
2HRI10 513 11.40 16.53
2HR11 12.36 10.88 23.24
2HR12 4.27 " 9.50 13.77
2HR13 4.82 9.88 14.70
2HR14 6.55 9.31 15.86
2HRI1S 5.44 10.64 16.08
Average 5.94 10.30 16.24
2HR1 -4,93 5.13
2HR2 -2.90 413 0.6
2HR4 -6.35 3.15 cen
2HRS -6.15 3.59
3HRI 4.81 10.78 15.59
3HR2 4.11 8.53 12.64
3HR3 4.11 7.63 11.74
3HR4 0.32 13.17 13.49
Average 3.34 10.03 13.37
3HR9 3.00 10.15 13.15
3HR10 3.50 7.44 10.94
3HRI1 3.51 7.01 10.52
3HR12 2.37 8.04 10.41
Average 3.10 8.16 11.26
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Distribution of X| and X3 is shown in Figure 8 for impact at O degree obliquity,
0 degree yaw. Shot 1HR7, where the jacket stripped, is not included. There is a wide
distribution for both X1 and X2. Their average values are X) = 5.94 inches and
X2 = 16.24 inches. (Note that tumbling distance X7 varies by as much as a factor of 2.)

Four shots (2HR1, 2, 4, and 5 in Table 3) were tumbled prior to impact at 0 degree
obliquity. Analysis of these tumbled shots proceeded in a different manner than those
which impacted in the O-degree yaw attitude. First, it was assumed that, when the shots
attained a fully tumbled attitude, they remained in that state. Second, since the exact
attitude of the bullet at impact could not be controlled or measured, X1 was allowed to
become negative during the analvsis. Tumbling distances minimized the rms deviation of the
experimental and theoretical pressure traces. The jacket was stripped from one of the
tumbled shots.

Four rounds were fired into the test cell at 30 degrees obliquity and four were fired at
45 degrees. Obliquity angle was obtained by rotation of the test cell. A 1/2-inch-thick steel
plate was placed internally on the plate side to protect the plexiglass cell. Therefore motion
picture coverage of these shots could not be obtained. There was poor correlation between
eaperimental and theoretical pressure pulses, but the tumbling distances should be accurate.
Distribution of the derived tumbling distances is shown in Figure 9. Although there were

not enough shots performed to provide adequate statistics of these tumbling distances, it

appears that tumbling occurs more rapidly with increased entrance obliquity angle.

Decrease in the tumbling distances with increased obliquity is to be expected since the
bullet experiences highly nonsymmetric forces during oblique penetration of the impact
plate. Nonzero obliquity shots were performed at velocities which exceeded the ballistic
limit. It is expected that the influence of obliquity on tumbling distances will be more
pronounced near the ballistic limit.

A summary of the pressure pulse analysis is presented in Table 4, which incluces
experimental and calculated values of peak pressure and impulse. Also shown in the table is
the rms deviation of experimental and theoretical pressure traces.

For impact at O degree obliquity and O degree yaw, the rms deviation divided by the
experimental peak pressure (Table 4) is a good indication that the pressure model is valid.

Theoretical and experimental peak pressure and jmpulse are plotted in Figures 10 and
11, respectively. Bullet departure from the 45-degree straight line, as shown in both figures,
indicates the extent of the error. The amount of scatter in Figures 10 and 11 is not unusual
since the transducers were located near the bullet trajectory. A 2-inch deflection of the
bullet from a straight line trajectory would give a 30% error in the predicted pressure.

Theoretical and experimental pressure pulses are shown in Figures 12 through 17 for
six representative shots with these impact conditions. These shots were selected to have
errors ranging from minimum to maximum.

Tumbled entry data for peak pressure and impulse are shown in Figures 18 and 19,
respectively. Agreement of theory and experiment is similar to that obtained for impact at
0 degree yaw, Pressure traces from two of these shots (2HR! and 2HRS) are shown in
Figures 20 and 21.
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. 2
v Table 4. Pressure Pulse Summary.
Peak pressure, Impulse, ms :
Shot .| PG4 psi psi-msec deviation, | o
Experiment | Theory | Experiment | Theory pst ' 3
v 1HR5 | 1 :
2 720 740 209 213 46 0.064 .;
3 815 1,140 195 251 143 0.175
4 670 910 142 212 150 0.224
5 520 655 100 140 106 0.204
O 1HR6 | 1
2 870 730 246 248 68 0.078
3 945 1,100 240 248 90 0.095
4 750 870 169 206 100 0.133 ;
5 550 625 105 134 80 0.145 ;
O 1HR7 | 1 460 990 140 153 119 0.259 E
2 578 720 149 210 115 0.199
4 378 430 70 122 95 